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We have studied conductance (g) of butanedithiol-linked gold nanoparticle films across a per-
colation insulator-to-metal transition. As the transition proceeds, electrons become itinerant (i.e.
Coulomb charging and kinetic effects are both significant), and films exhibit a previously unobserved
zero-bias conductance peak (ZBCP). The peak is much more pronounced and easily observed using
electromigration-induced break junction (BJ) contacts rather than macroscopic 4-probe electrodes.
We attribute this ZBCP to quantum correlations amongst electrons, in view of other temperature-
(T -) and magnetic (B -) dependent measurements as well as predictions of the Hubbard model and
dynamic mean field theory in this transition regime. Metallic film resistances (R’s) increase linearly
with T , but with suggested scattering lengths that, anomalously, are shorter than inter-atomic dis-
tances. Similar so-called “bad-metallic” behaviour has been observed in several studies of correlated
systems, and is still being understood. We find here that the anomalous R behaviours are associated
with the ZBCP. This system can serve as a new test bed for studying correlated electrons and points
to a nano building-block strategy for fashioning novel correlated materials.
PACS numbers: 71.30.+h, 05.60.Gg, 81.07.Pr
Transitions where charges become itinerant while
Coulomb interactions remain strong appear in a num-
ber of exotic materials, such as vanadium oxides that ex-
hibit huge resistivity changes across an insulator-to-metal
transition, cuprates that exhibit high Tc superconduc-
tivity and manganites that exhibit colossal magnetore-
sistance [1]. They have been intensely studied, and are
known to arise in materials with partially open d and f
orbitals, whose confined nature leads to strong electronic
repulsion. As such materials transition from Mott in-
sulating to metallic states, electrons interact with each
other strongly and, therefore, move in a correlated fash-
ion. Calculations combining a local density approxima-
tion with dynamic mean field theory [1] predict that as
the transition proceeds, the upper and lower Hubbard
bands become more closely spaced, and a quasiparti-
cle peak develops at the Fermi level. Experimentally, a
quasiparticle peak has been observed in vanadium oxide
via optical [2] and photoemission [3] spectroscopy and in
NiS2−xSex via tunneling spectroscopy [4].
Films of Au nanoparticles (NPs) cross-linked with n-
alkanedithiol (HS(CH2)nSH, e.g. taking n = 4) can
exhibit a thickness-driven insulator-to-metal percolation
transition in which both Coulomb and kinetic effects can
be significant, suggesting that this system can potentially
serve as a novel and potentially advantageous test bed for
studying electron correlations [5–7]. Use of prefabricated
NPs with relatively narrow size distribution limits av-
eraging [8]. Further, except for a small fraction of NPs
that self-assemble to the functionalized surface, nanopar-
ticle films (NPFs) grow by NPs attaching to one another,
forming metallic pathways in a fractal-like rather than 2-
D manner. As a result, the percolation transition is grad-
ual, and phases that are intermediate between insulating
and metallic extremes are more easily observed.
In the present study we explore the evolution of con-
ductance (g) for butanedithiol-linked NPFs as a func-
tion of temperature (T ) and bias (V ) across the per-
colation insulator-to-metal transition. Previous studies
of other systems have shown that as the transition pro-
ceeds, first, nanoscale metallic puddles with exotic quasi-
particles form [2, 9]. In order to better observe these
exotic phases, we use break junctions (BJs) to interro-
gate nanoscale electrical properties of the NPFs. We
also studied macroscopic properties of films using four-
probe electrodes. As the NPFs become metallic, both BJ
and four-probe samples exhibit a zero-bias conductance
peak (ZBCP) that we attribute to correlated quasiparti-
cles. We find that scattering lengths, estimated assum-
ing Boltzman transport, are smaller than inter-atomic
separations, implying “bad metallic” behaviour that has
been attributed to correlation effects in other systems
but whose origin has been unresolved. As with other
bad metals, NPF R’s increases linearly with T . We find
here that this behaviour can be traced to the ZBCP.
Both four-probe and BJ samples were fabricated
on glass substrates that were first cleaned by immer-
sion in hot piranha for 30 min and then functional-
ized by immersion in a boiling toluene solution of 3-
mercaptopropyltrimethoxysilane for 20 min. For BJ sam-
ples, a Au wire that was a 100 µm wide, 8 mm long, 16
nm thick in the middle (over a 100 µm stretch), and 150
nm thick over the rest of its length was deposited using
metal evaporation and shadow masks. A ramped voltage
was applied in L-N2 until the wire broke due to electro-
migration. BJs exhibited gaps with widths that ranged
from a few µm to a few nm (estimated from measure-
ments of tunnel currents). For four-probe samples, Au
electrodes ∼ 6 mm long, 200 nm thick and separated by
2 mm were employed. For both types of samples, copper
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FIG. 1: g vs. V at different T (main panel) and g vs. T at
V = 0 (inset) obtained using a four-probe electrode configu-
ration. All the data were obtained using the same sample at
different film thicknesses. Data in the main panel and inset
with the same labels correspond to the same sample thickness,
namely 12-, 18- and 25- one-hour exposures to Au NP solu-
tion, labeled “a” to “c”, respectively, in order of increasing
thickness. The data in the main panel for a given thickness
and T have been normalized to their respective values at 0.5
V and offset for clarity.
magnet wires were soldered to the Au electrodes using
indium before film self-assembly. Au NPs 5.0± 0.8 nm in
diameter were synthesized using published methods [6],
and butanedithiol used to link Au NPs was purchased
and used as received. NPFs were self-assembled by al-
ternately immersing the slides in an Au NP solution for
10-60 min and a 0.5 mM ethanolic butanedithiol solution
10 min until a desired R was reached. g at various V ’s
were determined using lockins and at various T ’s using a
Quantum Design PPMS. To confirm reproducibility, the
evolution of four BJ and a pair of four-probe samples
were studied in detail, each at several NPF thicknesses.
Figure 1 plots g vs. T and V for a four-probe sample.
The data were obtained using the same sample at three
different NP/dithiol exposure cycles corresponding to be-
haviour that is insulating, just metallic and well metallic
- graphs labeled “a”, “b” and “c”, respectively. In the
insulating regime, g → 0 as T → 0 and, concurrently, g is
suppressed near zero volts. This suppression is observed
in both two- and four-probe measurements performed si-
multaneously on the same sample, indicating that at this
thickness, film R dominates over contact R. When thick-
ness increases so the sample is just at the transition, re-
markably the four-probe data exhibit a ZBCP at low T .
The two-probe data continue to show a small suppression
of g as before (data not shown). These data indicate that
the ZBCP observed in the four-probe data is a film effect
and that the suppression observed in the two-probe data
arises from a small barrier at the contact(s). As T in-
creases (beyond 2K to 10K depending on the sample), the
ZBCP wanes and g becomes independent of V (ohmic).
As film thickness increases still further, four-probe g data
behave essentially ohmically even at the lowest accessible
T . Simultaneously measured two-probe g data continue
to exhibit the presence of a small barrier.
Insulating film behaviour is consistent with single elec-
tron charging phenomena (Coulomb blockade) [10]. Be-
low a percolation threshold, electrons tunnel on to and
must charge NPs or metallic clusters of NPs. Previous
studies have shown that single-electron charging energies
increase with decreasing particle size and can become
substantial at nm length scales [10]; e.g. the single elec-
tron charging energy of a 1 nm sphere can be estimated
using Coulomb’s law as ∼1 eV. This Coulomb barrier
leads to suppression of g at low V and T in NPFs.
A variety of processes are known to cause ZBCPs.
Reflectionless tunneling can be excluded here because
it is a contact rather than a film phenomenon, while
ZBCP appear in measurements of film g. Lack of Zee-
man splitting excludes the Kondo effect. The field (B)
at which Zeeman peak splitting would be expected for
a zero-bias anomaly (Kondo effect) can be estimated us-
ing the Haldane relation: 2µBB ∼ kBTK =
√
ΓU /2 ·
exp[−πǫ0 (−ǫ0 + U )/ΓU ] where µB is the Bohr magne-
ton, ǫ0 is the energy level through with transport occurs,
U is the on-site repulsion, and Γ is the energy broaden-
ing [11, 12]. Since there are no magnetic impurities in
our system (otherwise a Kondo peak would be observed
even in thick films), we attribute any potential Kondo
effect to a mechanism based on single electron charging.
An Arrhenius plot of g vs. T for a non-metallic film (Fig.
2a, inset) yields a temperature scale of 30 K. Using this
as an estimate for ǫ0, U ∼ 2 ǫ0 , and Γ ∼ ǫ0, splitting
should then be observed for B ∼ 3T. We applied ∼3-5
times this field, but did not observe peak splitting, even
with <1% sensitivity to changes in g. Joule heating can
also be excluded because g increases with T (Fig. 1,
inset). Heating caused by increasing V should cause g
to increase and should generate a zero-bias conductance
suppression, rather than a peak as observed.
Using BJs to measure g improves resolution of spec-
troscopic features and reveals a mesoscale origin of the
ZBCP. Figure 2 shows nanoscale film behaviour as the
insulator-to-metal transition progresses. g vs. V data
for an insulating NPF (Fig. 2a, main panel) show strong
Coulomb blockade suppression near 0 V at 2 K, and zero-
bias g vs. T data (inset) show that g → 0 as T → 0.
As the film was subjected to more NP/dithiol immersion
cycles, it eventually became metallic (g → non-zero con-
stant as T → 0) but with a persistent small energy bar-
rier since g was observed to increase with both V and
T (data not shown). When V was increased to a few
volts at low T , g suddenly and irreversibly increased 10-
to 100-fold remaining stable thereafter, and the (contact)
barrier was no longer observed. All BJ samples with suffi-
3FIG. 2: Evolution of g measured using a BJ as a NPF crosses
the insulator-to-metal transition. a. g vs. V at different
T ’s from 2 K to 240 K (main panel) and g vs. T at V = 0
(inset) for an insulating, 10 dithiol/NPF. Data for a given T
have been normalized to their respective values at 0.5 V. The
conductance at 250 K is 9.39 x 10−5Ω−1 . Data were obtained
at 2K to 30K in 1K steps, 30K to 50K in 5K steps, 50K to
100K in 10K steps and 100K to 240K in 20K steps. b. g vs. V
at different T ’s from 2 K to 250 K (main panel) and g vs. T at
V = 0 (inset) for the same sample as in a. with a thicker (50
dithiol/nanoparticle exposure) film that has turned metallic.
Data for a given temperature have been normalized to their
respective values at 0.5 V. The conductance at 250 K is 0.02
Ω−1 . Data were obtained at 2K to 30K in 1K steps, 30K to
50K in 5K steps, and 50K to 250K in 10K steps.
ciently thick NPF bridges exhibited this break down after
which pronounced ZBCPs became apparent. The peaks
exhibit an Ohmic plateau region at low V (Fig. 2b, main
panel) and survive to high T ’s - at least 250 K, beyond
which the data tend to become noisy. The significantly
larger energy scale provided by the voltage (∼ eV) arises
from peak broadening due to voltage division across the
film. As more dithiol/NP is self-assembled, eventually
g’s and peak widths change only slightly, suggesting that
most of the current flows through a portion of the NPF
located in the gap between Au electrodes. We attribute
the ZBCPs to the formation of a “meso-metallic” phase
since 1) they are associated with non-zero g at low T
FIG. 3: R vs. T and vs. V data for metallic NPFs measured
using BJs. a. R vs. T at V = 0 for four metallic NPFs. b.
R vs. V at 4 K for the same four samples as in a. Data are
fit to straight lines over a portion of their respective ranges as
shown. All data have been normalized using their respective
maximum values and offset in a. for clarity.
(i.e. films are metallic - see Fig. 2b, inset); 2) g is not
entirely ohmic (the peaks have an ohmic plateau below a
threshold V but decreasing g above); and 3) the ZBCPs
are more pronounced in BJ samples than in macroscopic
four-probe samples. This attribution is also consistent
with dynamic mean field calculations using the Hubbard
model that predict the development of a peak in the den-
sity of states at the Fermi level at the onset of metallicity.
Metallic states of various correlated materials - such as
organic conductors, alkali-doped C60 as well as those of
various oxides (including cuprates, manganites and vana-
dium dioxide) - exhibit a linear increase of R with T
and quasiparticle scattering lengths that, remarkably, are
smaller than interatomic distances. Similar behaviours
are observed here (see below). Such “bad metallic” be-
haviours are still being elucidated in the literature [2, 13].
It is generally agreed, however, that the quasiparticle pic-
ture of a particle with a well defined momentum on the
order of the Fermi momentum experiencing occasional
scattering breaks down in these systems as a result of
strong electron-electron correlations. Figures 3a and 3b
plot zero-bias R vs. T and R vs. V data for four BJ
samples. The data indicate that T independent scatter-
4FIG. 4: A contour plot of R at various V s and T s using the
same data shown in Fig. 3. The data have been normalized
to their maximum R, and contour labels denote fractions of
this maximum.
ing dominates R in these NPFs. Given the nanogranular
nature of NPFs, ubiquitous T independent elastic scat-
tering from NP interfaces might be expected. However,
assuming uncorrelated electrons that scatter occasionally
(Boltzman transport) for arguments sake, the resistiv-
ity would be given by ρ = 3π2h¯/e2k2
F
l, where ρ is the
resistivity, h¯ is Planck’s constant, e is the quantum of
charge, kF is the Fermi wave vector and l is the scat-
tering length [14]. For our BJ samples, taking a typical
R of ∼ 50 Ω , a sample area of 150 µm x 100 nm, a
sample length of 100 nm, and assuming a Fermi wave-
length of 0.54 nm for gold, we estimate l ∼ 10−3 A˚. For
our four-probe samples, taking a typical R of ∼ 200 Ω,
a sample area of 3 mm x 100 nm, a sample length of 3
mm, and assuming a Fermi wavelength of 0.54 nm, we
estimate l ∼ 0.3A˚. These are rough estimates because of
uncertainties in film thickness, but it is safe to conclude
that the predicted scattering lengths in the nanoscale
BJ samples are smaller than interatomic distances and
smaller than those for the macroscopic samples. This in-
creased tendency for bad metallic behaviour at smaller
length scales is correlated with the ZBCP being more
pronounced in the BJ samples. This is also consistent
with scan probe studies by others that have shown that
correlated materials are heterogeneous [2, 9, 15]. As the
insulator-to-metal transition proceeds, nanoscale metal-
lic puddles form and grow; these regions are not smaller
versions of fully formed bulk metallic state.
Correlated systems, e.g. the cuprates, in addition to
exhibiting anomalously large resistance, exhibit R that
increases linearly with T to very high T . This behaviour
is not well understood [13]. Figures 3a and b show that
both R vs. T at zero-bias and R vs. V at low T are
constant initially and then both vary linearly for all four
BJ samples. Figure 4 plots contour lines for R vs. V
and T data for one of the samples. Equally spaced con-
tour lines reflect the underlying linearity of R as a func-
tion of either variable. That is, this study suggests that
both behaviours can be traced back to the quasiparticle
peak in the density of states. Further theoretical work
modeling transport measurements and exploring this link
would be beneficial. Another significant implication of
the present study is that it suggests that nanostructured
materials constitute a novel class of correlated materi-
als since Coulomb interactions in nanostructures are in-
herently large and, as electrons become itinerant, both
Coulomb and kinetic effects should be significant. Such
materials can provide a new, controllable and potentially
rich platform to study these exotic phenomena since there
is a tremendously wide and, indeed, designable selection
of nanostructures that can be used as material building
blocks.
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